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Abstract
Implementation of methane rich fuels as to develop sustainable vehicle transports re-
quires improved catalytic exhaust aftertreatment technologies to convert engine-out
methane emissions to carbon dioxide and water by total oxidation. A main challenge is
that water formed during combustion inhibits the methane oxidation reaction even over
the most active palladium-based catalysts presently known. This work aims at elucidat-
ing the active state of palladium and main deactivating mechanism(s) caused by water
for alumina supported palladium catalysts to build fundamental knowledge about how
catalysts with improved water tolerance can be designed.
A bottom-up research approach including synthesis, characterisation and evaluation
of single catalyst components and model catalysts has been employed. In specific,
operando X-ray absorption spectroscopy and diffuse reflectance infrared Fourier trans-
form spectroscopy have been used to monitor the oxidation state of palladium and ad-
sorbed hydroxyls. A portable water generator device was constructed to ensure accurate
feed concentrations of pure water vapor for spectroscopic characterisation.
For Pd/“-Al2O3, oxygen pulse-response methane oxidation experiments reveal high cat-
alytic activity for both reduced Pd and well-developed PdO. The transition between
these two states depends on oxygen concentration and temperature and is associated
with lower catalytic activity. During dry methane oxidation, terminal and bridge-bonded
hydroxyl species evolve and upon water addition the hydroxyl coverage increases fur-
ther, which correlates well with a decreased catalytic activity both for short (1 h) and
long (24 h) periods. The availability of alumina Lewis acid sites dictates the forma-
tion of hydroxyl species such that when modified with Pd, fewer hydroxyl groups are
detected for catalysts with high Pd dispersion. Surface hydroxyl formation routes and
kinetics role of boundary sites for high catalytic activity are discussed.
Keywords: Sustainable transports; Environmental catalysis; Methane oxidation; Sup-
ported palladium; Water inhibition; Operando spectroscopy; DRIFTS; XAS
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CHAPTER 1
INTRODUCTION
The shift from coal to natural gas in the heat and power generation sectors led in 2015,
for the first time since 1990s, to a reduction in global greenhouse gas (GHG) emissions
whilst the global economy grew [1]. This is because the principal component in natural
gas is methane (CH4), which possesses the highest hydrogen-to-carbon ratio of all hy-
drocarbons in fossil fuels. Longer hydrocarbons such as ethane and propane are minor
constituents [2]. Hence, natural gas combustion generates the lowest amount of car-
bon dioxide (CO2) per unit of energy released [3]. The shift to natural gas combustion
also benefits the local environment due to reduced emissions of nitrogen oxides (NOx),
sulphur oxides (SOx) and particulate matter [4]. Although these emission reductions
are good incentives for increased use of natural gas as to shift the energy system to
become more sustainable, abundant and readily available reserves worldwide should
be considered as the primary reason for the increased market shares of natural gas [5].
The transport sector accounts for about a quarter of the global GHG emissions [1].
In response, as to meet the ever stricter emission standards, companies developing ve-
hicle powertrains are considering using natural gas as fuel thanks to the advantages
mentioned above. Without judging on technology choices, the Volkswagen emission
scandal, known as dieselgate, recently led to societal discussions about severe pollution
from diesel vehicles. The public’s concern of global warming and poor air quality, par-
ticularly in urban areas (cities), may also drive the pursuit of upcoming technologies.
Biogas is a renewable fuel that to large extent resembles natural gas with its clean burn-
ing properties. Natural gas and biogas mixtures in any proportions are possible, making
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the CH4 rich fuels a plausible candidate in a more sustainable future fuel mixture less
dependent on conventional fossil fuels. It should be mentioned, however, that CH4 is a
potent GHG with a global warming potential 28 times higher than CO2 over a 100-year
period [6]. Emissions of methane from vehicles must therefore be avoided.
1.1 Methane emission abatement
Catalytic converters can be incorporated in the exhaust system as an end-of-pipe solu-
tion to prevent that CH4 slipped through the engine is reaching the atmosphere. By
use of appropriate catalyst formulations and operation strategies, emissions of various
detrimental compounds can be controlled. In the case of engine-out methane emissions,
these should be oxidised (combusted) to carbon dioxide and water. The catalyst used
in automotive aftertreatment systems relies on heterogeneous catalysis, where a solid
material, the catalyst, increases the overall chemical reaction rate of gaseous reactants
by enabling an alternative, energetically favourable, reaction path. Unlike simple gas
phase reactions with a large single energy barrier, catalytic reactions take place in sev-
eral steps [7]. The initial step is adsorption of the reactants on the surface. Conversion
of the adsorbed reactants to products is then mediated by formation of new bonds in
a surface reaction. Finally, adsorbed products are desorbed into the gas phase in the
last step. In order to achieve an overall high efficiency of the catalytic cycle, surface-
adsorbate bonds should neither be too weak nor too strong, recognized as the Sabatier
principle [8]. Furthermore, the active sites will continuously be regenerated at the end
of the catalytic cycle and the catalyst will hence not be consumed.
Methane is the most difficult hydrocarbon to oxidise catalytically due to its sym-
metrical tetrahedral shape with non-polar C-H bonds and low sticking probability, which
leads to poor adsorption [9, 10]. This is reflected by the relatively high temperatures
required to oxidise methane even over the most efficient catalytic converters presently
known. Mitigation of CH4 is thus problematic and will be even more so in future vehicles
as the development of more efficient engines inevitably leads to lower engine-out tem-
peratures. Furthermore, high water vapor concentration in the exhaust gas is another
issue that has been found to reduce the catalytic methane oxidation activity at temper-
atures as high as 600 ¶C [11–14]. The trial-and-error approaches used for decades have
not led to considerable improvements of catalyst formulations with respect to water tol-
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erance. In this work, a bottom-up methodology has been employed to investigate the
inhibiting effect of water vapor on methane oxidation over traditionally used aluminum
oxide supported palladium catalysts (Pd/Al2O3). A portable water vapor generator de-
vice has been constructed that enables reliable and reproducible spectroscopic measure-
ments of water inhibited methane oxidation both at Chalmers and other international
research facilities.
1.2 Objectives
The objective of this thesis is to investigate water inhibition mechanisms of lean methane
oxidation in dry and wet conditions observed for Pd/Al2O3 catalysts. Employing operando
spectroscopic techniques and a bottom-up research approach, the active states of Pd
and formation/decomposition of hydroxyl species were investigated at different tem-
peratures in the absence and presence of water during methane oxidation.
3
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CHAPTER 2
BACKGROUND
2.1 Methane oxidation catalysts
Catalysts used for total oxidation of hydrocarbons are typically composed of a noble
metal active phase, highly dispersed over a porous metal oxide, which is called the sup-
port (left part of Figure 2.1). To make use of the expensive active material one strive for
catalysts with high dispersion, which results in a myriad of noble metal nanoparticles on
the support surface. Low amounts of promoting elements are often added to increase
the catalytic activity of fully formulated catalysts. To ensure high reactant-catalyst in-
teraction and low pressure drop of the exhaust feed in mobile aftertreatment systems,
the catalyst is commonly washcoated onto a honeycomb structured monolith substrate
[15].
Palladium has for decades been considered as the most active element for total
oxidation of methane [16–18]. This work will thus focus on palladium model catalysts,
where the active phase is distributed over porous aluminum oxides (Al2O3). Al2O3 in
various forms (“, ÷, ◊ and ”) is commonly used as support materials in heterogeneous
catalysis due to its large surface area, refractory properties, good interaction with the
active phase and cost efficiency [19]. Although, the support material already highly
stabilises the catalyst, the addition of platinum to form bimetallic Pd-Pt alloys, shows
promising results in terms of further increased stability over time [20–24].
The major challenges and great interest in improving methane oxidation catalysts
have resulted in a plethora of publications in the field. New types of catalyst formu-
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lations such as bimetallic alloys supported by metal oxides, perovskites, spinels and
core-shell structures are examples of up-and-coming emerging technologies [25–31].
However, for these formulations to enter industrial realization, large-scale production
with a commercially viable price is required.
2.2 Catalyst deactivation
It is important to reflect on the fact that the catalyst formulation with highest activ-
ity in laboratory environments is not necessarily the most appropriate one in practice.
The reality is more complex and dynamic than laboratory tests with, e.g., optimal reac-
tant mixtures at steady state temperatures. This means that numerous of performance
measurements in various conditions are required.
To ensure that an operating catalytic converter fulfill the emission limits over time,
new emission standards include follow-up tests after a certain number of years or driven
distance. Causes behind catalyst deterioration is important for manufactures to consider
when durable formulations less susceptible to deactivation are designed. In the coming
section, the most common deactivation mechanisms in automotive aftertreatment appli-
cations are described. Finally, the inhibiting effect of water vapor on methane oxidation
catalysts reported in literature is discussed.
2.2.1 Mechanisms
Although a catalyst is not consumed in stoichiometric amounts in a catalytic reaction,
the high initial activity observed for a fresh catalyst may decrease during operation.
Catalyst deactivation is usually due to loss of active sites. Figure 2.1 illustrates four dif-
ferent mechanisms where active sites may be lost, known as: (a) thermal degradation,
(b) poisoning, (c) fouling and (d) vapor compound formation [32].
As shown in Figure 2.1a, thermal deactivation leads to decreased active phase area
via aggregation of the dispersed metal nanoparticles to larger ones. The phenomenon,
often referred to as sintering is facilitated by high reaction temperatures (>500¶C) and
is generally increased in the presence of water vapor (hydrothermal degradation) [32].
Two additional issues with high temperature operation, not included in the Figure 2.1,
are support sintering and active phase transformation. Support sintering gives rise to
partial or total blockage of some pores, which complicates internal reactant diffusion
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Support
Active phase
Figure 2.1: Conceptual model of thermal degradation, poisoning, fouling and vapor
compound formation as deactivation mechanisms for a model catalyst.
and decreases the availability of active sites. Active phase transformation is a type of
thermal degradation where the active phase is transformed to a less- or non-catalytically
active phase.
Another deactivation mechanism, illustrated as black lines enclosing the active
phase in Figure 2.1b, is poisoning. This is a chemical deactivation where a compound in-
teracts with the catalyst and decreases the activity. Depending on its adsorption strength
to the concerned sites relative to competing species, a compound or element is consid-
ered as a strong, intermediate or weak poison. Increased toxicity is seen for larger
poison species with high electronegativity that physically blocks active sites through
strong adsorption [32]. Elements like sulphur and phosphorus as well as molecules
like carbon monoxide and nitrogen oxide are recognized as poisons that deteriorate
the catalyst performance by physical blockage. Strong adsorbate-surface bonds may
furthermore have negative effects on; (i) neighbouring sites electronically, (ii) surface
structure and (iii) reactant surface diffusion [32].
A third mechanism associated with heterogeneous catalyst deactivation is fouling
(Figure 2.1c). Fouling occurs due to deposition of a physical compound, typically carbon
based [32], that blocks active sites on the catalyst surface. Increased coverages of
deposited compounds can lead to more extensive blockage, e.g. of pores in the support.
This will hinder reactants from reaching the large number of the active sites located in
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the pores, with drastically reduced activity as a consequence.
Volatile compound formation is the final type of deactivating phenomenon men-
tioned in this thesis. As the name indicates, it involves loss of catalytic material by
formation of volatile compounds. Gaseous environment, catalyst components and reac-
tion temperature are three major aspects that needs to be consider in order to prevent
the catalyst from being consumed. A classical example is the detrimental combination
of carbon monoxide exposure to nickel catalysts, which may result in formation of poi-
sonous volatile carbonyl compounds, Ni(CO)4 [32]. Another risky example is formation
of volatile metal oxides of ruthenium, lead or platinum based catalysts exposed to oxy-
gen at high temperatures [32].
2.2.2 Water inhibition
The high water vapor concentrations (~12 vol.%) in the engine exhaust is severely
problematic to traditional supported palladium methane oxidation catalysts due to their
high susceptibility to become inhibited by water. No general agreement on how to ex-
plain the observed kinetic effects has yet been reached and more fundamental studies
are therefore required. Kinetic flow reactor measurements have shown a rapidly de-
creased catalytic activity when water is added to a dry feed of methane and oxygen
[33,34]. It has also been shown that the effect is almost completely reversible and ini-
tial activity will generally be regenerated by high temperature treatment [28, 35]. As
already mentioned, high temperature exposure in wet conditions should be performed
with caution due to the risk of hydrothermal degradation.
In several early studies, the mechanism for inhibited meyhane oxidation was ex-
plained by the formation of a palladium hydroxide (Pd(OH)2) phase, much less active
than PdO [36–39]. More recently proposed mechanisms attribute the water inhibi-
tion to increased coverage of hydroxyl (OH) groups on the catalyst surface, and the
reversibility is then due to increased water desorption rate at elevated temperature
[40, 41]. Specific knowledge about the concerned sites and whether additional mech-
anisms than solely physical blockage occurs is however lacking. It has been suggested
that an increased coverage of hydroxyl groups on the support surface may reduce oxy-
gen transport to the active palladium phase [41, 42]. The main part of oxygen in the
final products is considered to originate from bulk PdO following a redox Mars-van
Krevalen mechanism [42–45]. Gas phase oxygen is required to reoxidise the active
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sites in the lattice and a decreased oxygen access means slower regeneration, leading
to lower catalytic activity.
In addition to the instantaneous response of altered water vapor concentrations in
the feed, a slower, less reversible deactivation has been observed in long time exposure
experiments [21, 35]. Decreased palladium oxide dispersion as an effect of particle
growth has been suggested the main cause of this catalyst deactivation [46,47].
9
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CHAPTER 3
RESEARCH APPROACH, MATERIALS AND METHODS
3.1 Bottom-up methodology
The development of catalysts has mainly followed a trial-and-error approach, which
often is fast, but the implementation of new formulations for methane oxidation has
been slow compared to other emission control technologies. Hence in this work a
bottom-up research approach, illustrated in Figure 2.1, is used to increase the funda-
mental understanding of the inhibiting effect of water vapor on methane oxidation over
Pd/Al2O3. Gas-fueled vehicles commonly operates in fuel lean conditions, i.e. in oxygen
excess, where palladium is in an oxidised state at operating temperatures [48–50]. De-
tailed X-ray absorption spectroscopic measurements reported by our research group has
shown that this holds for both the platinum and palladium phases in supported catalysts
[24,51–53], and is demonstrated for a Pd/Al2O3 model catalyst in paper I.
To eliminate complications of interactions between different catalyst constituents,
the single components (PdO and Al2O3) of a Pd/Al2O3 model catalyst were investigated.
Assignment of surface-bound species (mainly hydroxyls) on respective component was
enabled by exposure to oxygen, methane, water and argon gas mixtures. The tempera-
ture influence on hydroxyl stability on the surface was probed by infrared spectroscopy.
Single component insight about surface-bound species was compared to model catalysts
of low complexity to understand improved reaction kinetics for the combined PdO-Al2O3
systems. Model catalysts with both high and low palladium dispersion were prepared
to relate a smaller particle size to increased catalytic activity. This means various PdO
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Figure 3.1: Bottom-up approach, used to study single catalyst components, model cat-
alysts of varying complexities and fully formulated catalysts.
coverages on the alumina surface, which further increase the understanding of coveted
support properties. For model catalysts with a majority of PdO clusters, i.e. small par-
ticles consisting of a few atoms, a promoting effect of the Al2O3 support itself may give
rise to an increased catalytic activity.
Working with simplified systems is a way to bridge the materials gap in knowledge
between single crystals and industrial catalysts. The findings received from bottom-up
investigation will be useful in a later step when fully formulated catalysts with high
complexity will be developed towards specific properties, such as high water tolerance.
3.2 Sample preparation
The incipient wetness impregnation (IWI) technique was used to prepare the supported
palladium model catalysts investigated in this work. IWI is frequently used in industrial
catalyst production due to its simple execution and low waste streams [54]. Prepara-
tion started with thermal treatment of the support material (“-Al2O3) in air to remove
impurities and stabilise the structure. An even distribution and dispersion of the active
phase over the support was ensured by adding the required volume of palladium pre-
cursor solution and water to fill the Al2O3 pores, utilizing the natural capillary pressure
difference [54]. The slurry was pH adjusted to receive high electrostatic interaction be-
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tween metal precursor and support. Solvent and complex agents were finally removed
by thermal treatment of the samples in air at temperatures ranging from 500 to 900¶C.
3.3 Physicochemical characterisation
3.3.1 Nitrogen physisorption
To determine the specific surface area (SAtotal) of mesoporous samples, nitrogen ph-
ysisorption measurements were used in paper II and III. The analysis is performed by
controlled increments of nitrogen that adsorbs onto the sample surface. In addition to
the sorption measurements, a theoretical method such as BET theory is required for SA
determination [55, 55]. BET theory is an extension of the Langmuir theory for mono-
layer adsorption, where it is assumed that the adsorbate’s partial pressure is related
to the volume adsorbed onto the adsorbent. Assumptions in BET calculations are; (i)
nitrogen gas molecules behave ideally, (ii) only one monolayer is formed, (iii) all sites
on the surface are equal, (iv) no adsorbate-adsorbate interaction, (v) adsorbates are
immobile. Thanks to a linear relationship of the BET equation (3.1) at low partial pres-
sures, the required volume of nitrogen to form a monolayer on the sample (Vm) can be
obtained by interpolation.
P
V (P0 ≠ P ) =
C ≠ 1
Vm C
P
P0
+ 1
Vm C
(3.1)
P and P0 are equilibrium and saturation pressure of adsorbates at the temperature of
adsorption, V is the volume of adsorbed gas and C is the BET constant. The specific
surface area is then calculated according to equation 3.2, where s is the cross section of
the adsorbate, V is the molar volume of the adsorbate gas, and m is the sample mass.
SAtotal =
6.022 1023 Vm s
V m
(3.2)
3.3.2 Carbon monoxide chemisorption
The noble-metal surface area, dispersion and particle size of a supported catalyst was
measured by selective carbon monoxide (CO) chemisorption in paper III. The proce-
dure relies on strong interaction between the chemisorbed CO adsorbate and the active
metal atom(s), typically involving the sharing of electrons. The chemisorbed CO layer is
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assumed to not exceed a single molecule thickness [56]. For generation of reliable and
reproducible results, the samples in this work were prior to analysis oxidised, reduced
and evacuated (<10 µmHg) at 350 ¶C for one hour each. The reduced noble-metal
surface of the samples were then exposed to absolute pressure increments of 50 mmHg
CO between 100-450 mmHg. At each increment, the pressure was allowed to reach
equilibrium and the adsorbed quantity was measured. From this information the metal-
lic surface area per gram of sample was calculated according to equation 3.3, where
Vintercept is the volume intercept derived from the best line fit of the isotherm (quantity
adsorbed vs pressure), A is the effective area of 1 noble metal atom and 22414 is the
volume one mole of gas occupies at standard temperature and pressure. CO was also
assumed to chemisorb on palladium with a bridged configuration, giving a CO:Pd ratio
of 1:2 and hence a stoichiometric factor (SF ) of 2 [56].
SAactive =
6.022 1023 Vintercept A SF
22414 (3.3)
3.3.3 X-ray powder diffraction
Powder X-ray diffraction (XRD) is a non-destructive technique to determine crystalline
bulk structures within the catalyst. Measurements were performed by radiating the
powder sample with monochromatic X-rays and varying the incident angle (◊). The
X-ray wavelength (⁄) is of the same order of magnitude as the spacing (d) between
diffracting planes in the lattice. Constructive interference occurs at specific angles when
elastically scattered X-ray beams from different planes are in phase. This is in accor-
dance to the Bragg equation (3.4), where n is an integer [57]. The provided diffraction
patterns with increased intensity at particular angles can be correlated to their specific
crystal structures.
n ⁄ = 2 d sin◊ (3.4)
An estimation of the apparent nobel-metal crystallite size (dparticle) was further-
more calculated in paper I, II and III using the Sherrer equation (3.5), where Ÿ is a
dimensionless shape factor, ⁄ is the X-ray wavelength, — is the full width at half maxi-
mum and ◊ is the Bragg angle. However, the method is limited to grains smaller than
0.2 µm and does not consider particles with too short crystalline order (<3nm) [58].
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dparticle =
Ÿ ⁄
— cos◊
(3.5)
3.4 Operando spectroscopy
Operando spectroscopy, i.e., where a spectroscopic characterisation, usually as a time-
resolved measurement, is carried out while the function of the system under study, here
the catalytic reaction, is increasingly used in catalysis research [59, 60]. By combining
the characterisation technique with online product analysis, one can relate fundamen-
tal information about the electronic and molecular structures of active sites and surface
intermediates to changes in catalytic kinetics. This type of understanding is highly
valuable when new catalyst formulations with improved properties are developed for
specific applications. In this thesis X-ray absorption and infrared spectroscopy has been
used to follow the chemical state and local structure of the palladium phase and the
surface adsorbates, respectively. Simultaneously, mass spectrometry measurements has
been carried out to follow the reactant conversion and product selectivity. The main
topic of the thesis, however, is on the role of surface hydroxyls and thus the method-
ological description of infrared spectroscopy is somewhat more detailed than for the
X-ray absorption spectroscopy measurements.
3.4.1 X-ray absorption spectroscopy
X-ray absorption spectroscopy (XAS) is a technique that utilise the ability of core-shell
electrons to absorb X-rays of definite energies. Typically a synchrotron light source is
required to provide enough brightness, i.e. a high flux of x-rays [61]. XAS data can be
divided into low and high energy regions called X-ray Absorption Near-Edge Structure
(XANES) and Extended X-ray Absorption Fine Structure (EXAFS), respectively. In paper
I, the XANES region was analysed to obtain information about oxidation state of the
palladium(oxide) phase. Practically, energy-dispersive measurements were performed
at the Pd K edge with an energy range of 23 500 to 26 500 using a polychromator. The
polychromator is an optical device that allows measurements of an entire absorption
spectrum in less than a second by dispersing the light into different directions [62]. The
dispersed light consists of a range of wavelength and high time-resolution is enabled
15
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Figure 3.2: Schematic of energy-dispersive XAS setup
by focusing the X-rays on the sample and measure the transmitted light by a position-
sensitive detector, see Figure 3.2.
3.4.2 Infrared probing
Infrared probing relies on the interaction between infrared photons and matter. Inter-
action occurs as energy absorption at resonant frequencies, i.e. when the frequency
of a photon matches the vibrational mode of a chemical bond, giving rise to a change
in dipole moment [63]. The frequency of an absorption band is referred to as the
wavenumber (‹), and its energy is simply related to the strength of the bond and the
atom mass at either end of it. The degrees of vibrational modes of a molecule differ
depending on shape and number of atoms (N). A linear molecule have 3N – 5 bands
while a non-linear have 3N – 6. This means that a non-linear triatomic molecule like
water has 3 vibrational modes. These modes are illustrated in Figure 3.3 and corre-
sponds to symmetric stretching (‹1) at 3657 cm≠1, deformation (‹2) at 1596 cm≠1 and
antisymmetric stretching (‹3) at 3756 cm≠1 [63]. The lack of dipole moment makes the
symmetric stretching band IR inactive and only two of the vibrational bands (‹2 and
‹3) can be detected by IR spectroscopy. However, due to a small moment of inertia on
rotation, tens of thousands vibrational-rotational absorption bands can arise for water
molecules in gas phase.
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3.4.3 Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) spectroscopy is a commonly used technique to obtain
an infrared spectrum that can be used to identify solid, liquid or gas phase molecules.
The top left part of Figure 3.4 illustrates how the Michelson interferometer, causes in-
terference of infrared light [63]. This is enabled by a beamsplitter that divides the radi-
ation from the IR source in two partial beams that are reflected back to the beamsplitter
on a fixed and on a movable mirror. Back at the beamsplitter each wavelength of the
light is periodically blocked and transmitted due to the difference in optical pathlength
produced by the movable mirror. Some of the recombined light is directed towards the
IR source by the beamsplitter and gets lost while the remaining part is sent to interact
with the sample before reflected towards the detector. The collected light can then be
visualized as an interferogram where the intensity signal is a function of the change of
the optical pathlength. Finally, a Fourier transform is required to convert the raw data
in the interferogram to an absorption spectrum (intensity versus wavenumber).
3.4.4 Diffuse reflectance infrared Fourier transform spectroscopy
In this work, operando investigation of surface-bound hydroxyl species on single catalyst
components and model catalysts has been carried out by diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). Experiments in realistic reaction conditions
are enabled by a continuous gas flow of reactants through the sample bed along with
controlled heating. Reaction kinetics were measured by a mass spectrometer connected
to the outlet gas flow. Time-resolved changes of surface-bound species are identified by
IR probing using an IR beam directed towards the powder sample. As seen in Figure
3.4, the reflected light is scattered in multiple angles, which is due to both internal
Symmetric stretching
3657 cm-1
IR inactive
Deformation
1595 cm-1
IR active
Antisymmetric stretching
3756 cm-1
IR active
Figure 3.3: Illustration of the vibrational bands of a triatomic non-linear molecule.
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Figure 3.4: Schematic of diffuse reflectance infrared Fourier transform spectroscopy
setup
diffusion reflections in the sample and the rough surface of the powder [64]. Elipsodial
mirrors are used to focus the incoming light onto the sample as well as collect as much
reflected radiation as possible and direct it towards the liquid nitrogen cooled mercury-
cadmium-telluride (MCT) detector.
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CHAPTER 4
RESULTS AND DISCUSSION
This thesis is based on three independent studies presented in Paper I-III. In the first
study (Paper I), oxygen step-response experiments using operando X-ray absorption
spectroscopy were performed to correlate the state of Pd to CH4 conversion. The sec-
ond study (Paper II) show a portable water generator (PWG) device for accurate dosage
of low water vapor concentrations (0.1-3.0 vol.%) for reliable spectroscopic and kinetic
measurements. The design, operational performance and a case study of water inhibited
lean methane oxidation over Pd/Al2O3 is described. In the third study (Papaer III) the
PWG device is along with operando diffuse reflectance infrared Fourier transform spec-
troscopy, mass spectroscopy, and a bottom-up research approach employed to reveal
fundamental understanding of water inhibited methane oxidation. Infrared difference
spectra are recorded with both high and low time resolution in dry and wet feeds of O2
and CH4 to monitor the rapid and long term build-up of surface-bound hydroxyls (OH)
on single catalyst component (PdO and Al2O3) and model catalysts (Pd/Al2O3) calcined
at different temperatures.
4.1 Active state of Pd during lean methane oxidation
The dynamics of how Pd state affects the catalytic activity for methane oxidation were
investigated by O2 step response experiments. Figure 4.1 shows an increased palladium
oxide formation rate, in terms of fraction Pd2+ (determined by linear combination fit-
ting), with O2 concentration (0.6, 1.2 and 2.5 vol.%) and reaction temperature (320,
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Figure 4.1: The panels show CH4 conversion and fraction of oxidised Pd during step
response experiments over Pd/Al2O3 by addition of 0.6, 1.2, or 2.5 vol.% O2 to a feed
of 0.2 vol.% CH4 at 320, 360 and 400 ¶C.
360 and 400 ¶C). The catalytic activity, in terms of CH4 conversion, is similarly increased
when the feed gas composition is switched from a reducing CH4 flow to net-oxidizing.
A rapidly increased catalytic activity, assigned to CH4 oxidation over metallic Pd,
is followed by a temporary minimum in all experiments when O2 is added to the feed.
The minimum is most pronounced in experiments performed at low temperatures and
O2 concentrations where the rate of Pd oxidation is slow, in accordance to previous
results [51, 53]. Small Pd nanoparticles are expected to be bulk oxidized faster than
larger ones. Rapid oxidation of these particles explain the instantaneously increased
Pd2+ fraction in the beginning of the net-oxidising period. Surface oxidation of larger Pd
particles will furthermore contribute to the increased Pd2+ fraction and previous studies
have revealed that a chemisorbed O2 layer is formed [24,51]. An oxygen saturated Pd
surface is considered to have a low catalytic activity for CH4 oxidation [65–68], and
consequently explains the temporary minimum observed when the fraction of Pd2+ is
close to 0.3. The larger drop in CH4 conversion seen in the experiments with slow Pd
oxidation, is due to the longer time is required to form an active bulk palladium oxide
phase. The results emphasise the importance of operating the catalyst in O2 excess
where the palladium phase is in a bulk oxidised state.
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Figure 4.2: Generation of 0-1.5 vol% water vapor in (a) 0.5 vol.% O2 excess and (b)
0.5 vol.% H2 excess with argon balance and a total flow of 1500 ml/min. The water
signal was smoothed out by averaging 20 experimental values per data point.
4.2 Methane oxidation in dry and wet conditions
4.2.1 Accurate and precise water delivery
To enable reliable spectroscopic studies of the water effect, an accurate and precise
supply of water vapor over a range of concentrations is required. Paper II, reports on the
design and operational performance of a portable water generator (PWG) device that
produces ultra-pure water vapor feeds from catalytic hydrogen oxidation. A Pt/SiO2
catalyst has both literally and figuratively a central role in the PWG device due to its
catalytic properties and position in the middle. Steady operation is ensured by a nozzle
heater that surrounds and heat the part of the tube where the catalyst is located to
300 ¶C. The device is small, light and robust, making lifetime longer and transportation
to other research facilities easy. Male connectors are furthermore welded to the inlet
and outlet sections of the device to make installation on various systems both on- and
off-site fast and durable.
Figure 4.2 shows that the PWG device can provide ultra-pure water vapor of rel-
atively low concentrations (<1.5 vol.%) with high accuracy, which is problematic for
commercial systems such as controlled evaporation mixing (CEM). A synthetic gas flow
reactor system, usually used for kinetic experiments, was here employed to confirm a
successful operational performance in terms of accuracy, stability and response to con-
centration increments. Depending on desired experimental conditions, it is possible to
produce water in either oxygen or hydrogen excess to avoid a slip of the limited reac-
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tant. It is furthermore shown in paper II that the PWG device is able to generate water
vapor up to at least 3 vol.% at these flow rates (1500 ml/min).
4.2.2 Surface hydroxyls on single catalyst components
Figure 4.3 shows difference IR absorption spectra recorded during an experimental pro-
cedure starting (and ending) in a feed of 2% O2 in argon (bottom/top red), with sub-
sequent addition of CH4 for 20 min (black) and water for 40 min (blue). The spectra
in panel (a) solely show absorption signature bands attributed to gas phase molecules
(CH4, CO2 and H2O), i.e. no surface-bound species are observed. A 70% drop in CH4
turnover frequency (TOF) from 0.0021 to 0.0006 s≠1 is however seen when going from
dry to wet conditions, indicating a strong inhibiting effect at 320 ¶C. In an attempt to
isolate possible stretching modes of hydroxyl groups on PdO, which probably overlaps
with water vapor absorption bands, a software (OPUS 7.5) compensation tool for atmo-
spheric water, was used without success. It is likely that the specific surface area of 13
m2/g for the PdO sample is too low to allow clear detection of hydroxyls even in the case
of high coverage and/or the reflectivity of the nearly black powder sample is obscured.
Thus, the lack of evidence should not be considered as a proof of non-existence.
In panel b, a flat spectrum is acquired during dry CH4 oxidation (black spectrum)
over “-Al2O3, except for the gas phase methane band at 3000 cm≠1, confirming no
catalytic activity for the bare support. Addition of water vapor (blue spectrum) gives
rise to one negative and four positive IR bands. Our assignment of these bands follow
density functional theory (DFT) calculations for the three most common surfaces, i.e.,
the (100), (110) and (111) facets of “-Al2O3 [69, 70]. The negative IR band with its
minimum at 3770 cm≠1 corresponds to suppression of hydroxyl species with terminal
bonding to aluminum cations with octahedral coordination on a (100) facet, Â‹OHter (AlV I),
that were still present on the surface after pretreatment when the reference spectrum
was recorded. Further, shoulders at 3788 and 3757 cm≠1 in the negative main band are
observed and attributed to hydroxyls with terminal bonding to tetrahedral aluminum
cations on a (110) facet, Â‹OHter (AlIV ), and triple bridge-bonded hydroxyls to octahedral
aluminum cations on a (111) plane, Â‹OHbr (AlV I)3. During increased coverage of hy-
droxyl groups with terminal configuration, the negative IR absorbance becomes more
pronounced and a perturbed vibrational band, Â‹OHH≠bond(Aln), evolves at 3501 cm≠1. A
third type of terminal hydroxyl band, Â‹OHter (AlV ), is seen as a positive peak at 3734 cm≠1.
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Figure 4.3: IR absorption spectra recorded at 320 ¶C in 2 % O2 (bottom red), 20 min
in 2.0 vol.% O2 + 0.2 vol.% CH4 (black), 40 min in 2.0 vol.% O2 + 0.2 vol.% CH4 + 1
vol.% H2O (blue) and 20 min in 2.0 vol.% O2 (top red) over unsupported PdO (panel
a) and “-Al2O3 (panel b).
This positive peak, however, could also evolve from a bridge-bonded hydroxyl to pen-
tacoordinated aluminum cations, Â‹OHbr (AlV )2, having a similar vibration frequency. Two
additional bridge-bonded hydroxyls are seen in the blue and red difference spectra at
3694 and 3555 cm≠1, denoted Â‹OHbr (AlV I)2 and Â‹OHbr (AlV I)3, respectively.
The top red spectrum recorded in the end of the experiment after 20 minutes of
oxygen treatment reveals that the accumulated hydroxyls on the surface are rather sta-
ble and require higher temperatures to be decomposed. Interestingly, an unexpected
sharp IR band appears at 2905 cm≠1 when water vapor is introduced to the feed. This
band typically evolves from C-H stretching and has been assigned to formate-like species
[71,72]. The band remains even after 20 minutes of oxygen treatment, which signifies
a considerable stability of the formate species. The presence of this band suggests that
the CH4 adsorption (interaction) is facilitated over a hydroxylated “-Al2O3 surface, al-
though not catalytically active.
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4.2.3 Surface hydroxyls on alumina supported Pd model catalysts
Impact of calcination and reaction temperature
Before discussing the infrared and kinetic results we comment on the physicochemical
impact of calcination temperature on the model catalysts. No significant decrease in
SSA could be determined for the the Pd/Al2O3 model catalysts calcined at 500 and 900
¶C, from here denoted PdAl F500 and PdAl F900 respectively. CO chemisorption reveals
that high calcination temperature have a negative effect on the palladium surface area
that is reduced by more than 50% for PdAl F900 compared to PdAl F500. The increased
Pd particle size for PdAl F900 is confirmed by XRD measurements.
Using the same experimental procedure as for the single components, difference
spectra recorded at 320 and 440 ¶C along with CH4 TOF are shown for PdAl F500 and
PdAl F900 in panel a-d of Figure 4.4. Superior catalytic activity is seen in dry conditions
for the model catalysts compared to unsupported PdO. When exposed to water, however,
the CH4 TOF drop more for model catalysts, indicating higher susceptibility. PdAl F500
deactivates by about 90% at 320 ¶C (panel a) and 30% at 440 ¶C (panel b), as compared
to the PdO sample that deactivates by about 70% and 15% at respective temperature.
Water inhibition is even stronger over PdAl F900, signifying a severe impact on the
palladium-alumina system.
Comparing the difference spectra for PdAl F500 and PdAl F900 with “-Al2O3, some
differences are revealed. An extensive build-up of hydroxyl species on alumina is seen
already in dry CH4 oxidation as a consequence of the progressing CH4 oxidation reaction
on the active phase. Addition of 1 vol.% H2O to the feed results in a substantially
increased IR absorption, reaching about the same level for the two catalysts at 320 ¶C.
This reflects that the alumina site density is not severely effected by the calcination
process. The lower hydroxyl coverage observed for the two catalysts at 440 ¶C depends
on an increased water desorption rate. This is confirmed by the top red spectra, showing
a significantly decreased IR absorption 20 minutes after CH4 and H2Owas removed from
the feed.
Hydroxyl groups formed during dry CH4 oxidation are clearly not sufficient to sat-
urate the alumina surface and the build-up of hydroxyls from the reaction is likely
restricted to the close proximity of the PdO particles. This means that the alumina
surface is locally saturated and further hydroxylation of the extended catalyst surface
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Figure 4.4: IR absorption spectra recorded in 2 % O2 (bottom red), 20 min in 2.0 vol.%
O2 + 0.2 vol.% CH4 (black), 40 min in 2.0 vol.% O2 + 0.2 vol.% CH4 + 1.0 vol.% H2O
(blue) and 20 min in 2.0 vol.% O2 (top red) over Pd/“-Al2O3 calcined at 500 ¶C at a
reaction temperature of 320 ¶C (panel a) and 440 ¶C (panel b) and Pd/“-Al2O3 calcined
at 900 ¶C at a reaction temperature of 320 ¶C (panel c) and 440 ¶C (panel d).
is not possible because of the rather high stability of the hydroxyl species [73]. The
larger hydroxyl build-up seen for PdAl F500 strengthened this reasoning since more
water is being formed due to higher CH4 conversion. The lower Pd dispersion and thus
less palladium-alumina interface sites could furthermore explain the limited hydroxyl
absorbance on PdAl F900.
With a negative terminal IR band, Â‹OHter (AlV I), at 3770 cm≠1 and a pronounced
perturbed band, Â‹OHH≠bond(Aln), at 3501 cm≠1, the spectra recorded over PdAl F900 in wet
conditions are more similar to “-Al2O3 compared to PdAl F500. A likely explanation for
this is that more concerned Lewis acid sites are blocked by well dispersed Pd as a result
of the impregnation and mild calcination for PdAl F500 [74]. Thus, it seems like Pd
preferentially occupies aluminum cation sites in vicinity of the terminal bands during
preparation and that high temperature treatment leads to sintering of these.
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Surface hydroxyl formation routes
A modified experimental procedure was designed to investigate hydroxyl formation
routes on PdAl F500. Briefly, the instantaneous build-up of surface hydroxyl groups
through dissociation of added water vapor was separated from that of CH4 oxidation
reaction by the use of reference spectra from different conditions, see Figure 4.5. As
expected, the largest build-up is observed when 1.0 vol.% H2O is added to the O2
treated catalyst surface at 320 ¶C (panel a). The rate of the instantaneous build-up
of Â‹OHter (AlV I), Â‹OHter (AlV ), Â‹OHbr (AlV I)2, Â‹OHbr (AlV I)3 and Â‹OHH≠bond(Aln) species, declines
rapidly and the IR bands reach stable absorbances after about 10 min. Thereafter, 0.2
vol.% CH4 was introduced. Despite the low amount of water formed by the reaction
at this temperature a considerable build-up of OH species is seen. Also here, the initial
rapid increase in IR absorbance ceases after 10 minutes but compared to the previous
distinct spectra, the IR band are not as pronounced.
Performing the experiment at 440 ¶C leads to significantly decreased absorbance of
the IR bands evolved from H2O dissociation. This is reasonable since the desorption rate
is higher and shifts the adsorption-desorption equilibrium towards the gas phase. An
opposite trend is however seen for the hydroxyl build-up generated by CH4 oxidation.
Here, the IR absorbance is about twice that observed at 320 ¶C. Taking into account
that the catalytic activity is significantly higher 440 ¶C, an increased hydroxyl coverage
is expected.
This experiment shows that CH4 oxidation forms surface hydroxyls that are not
formed upon water vapor exposure. The same types of hydroxyls seem to form by
the two routes and it is not straightforward to conclude whether or not the hydroxyls
created by the two routes have a different origin. Reaction mediated hydroxyls are
likely formed close to the PdO particles and dissociated hydrogen is necessary.
Deactivation caused by long-term vapor exposure
In addition to the instantaneous deactivation of water, a final study involves the long-
term deactivating effect. The panels displayed in Figure 4.6 correlate an increased
hydroxyl coverage to declined catalytic activity over PdAl F500 during 24 h dry and wet
CH4 oxidation at 400 ¶C. A continuous build-up of some hydroxyl bands are observed
along with a decreased catalytic activity. The catalyst deactivation is much faster in wet
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Figure 4.5: Bottom red spectra recorded in 2.0 vol.% O2 before addition of 1.0 vol.%
H2O kept until steady state where new reference spectra were recorded before 0.2 vol.%
CH4 addition at 320 ¶C (left) and 440 ¶C (right).
conditions where the TOF reaches a zero level after five hours. In dry conditions, the
experimental time was not sufficiently long to reach steady state. This indicates that
the continuous hydroxyl build-up has a negative effect on the reaction kinetics.
An increased IR absorption of the perturbed Â‹OHH≠bond(Aln) band is observed in both
dry and wet conditions. This can be correlated to the negative IR peak area for Â‹OHter (AlV I)
indicating a higher coverage of terminal hydroxyls. The increased hydroxyl coverage
over time is also confirmed for the Â‹OHter (AlV ) and Â‹OHbr (AlV I) bands. Contrary to the
already mentioned bands, Â‹OHbr (AlV I)3 decreases. Looking at the individual absorbance
spectra (not included), it is obvious that the integrated peak area for Â‹OHbr (AlV I)3 de-
creases because it interferes with the evolved Â‹OHH≠bond(Aln) band, and not because of
a lower coverage. The long-term inhibiting effect is hence primarily correlated to an
increased coverage of terminal and double bridge-bonded hydroxyl groups. A possible
explanation to the long-term inhibiting effect (not proven) could be that water facil-
itates sintering of small and active PdO cluster that to large extent contribute to the
overall CH4 oxidation. This hypothesis is strengthened by the inability to thermally/-
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Figure 4.6: 24 h exposure of PdAl F500 to dry (2.0 vol.% O2 + 0.1 vol.% CH4) and wet
(2.0 vol.% O2 + 0.1 vol.% CH4 + 1.0 vol.% H2O) methane oxidation at 400 ¶C. Hydroxyl
build-up is monitored in the top panel for the Â‹OHter (Aln) (¶), Â‹OHter (AlV ) (⇤), Â‹OHbr (AlV I)2
(M), Â‹OHbr (AlV I)3 (⌃) and Â‹OHH≠bond(Aln) (O) bands where a hollow black marker indicate
dry conditions and filled blue marker wet conditions. Catalytic activity is monitored as
CH4 TOF in the bottom panel.
chemically regenerate the catalyst to regain the initial activity.
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CHAPTER 5
CONCLUDING REMARKS
In this work the catalytic oxidation of methane in lean conditions is investigated with
a focus on the inhibiting effect of water vapor. As reported in Paper I, the conversion
rate of CH4 is highly dependent on the oxidation state of Pd. The states of Pd were
experimentally determined by operando X-ray absorption spectroscopy as metallic Pd,
Pd surface oxidation and a well developed (bulk) PdO. The experiments were carried
out under a constant CH4 flow with successive O2 exposures. In the absence of O2,
Pd is reduced to metallic Pd and no conversions of CH4 is observed. Once oxygen is
introduced an initial high conversion of CH4 on Pd occurs. The reaction oxidizes the Pd
surface and we see a marked reduction in conversion of CH4. As the oxidation continues,
the palladium particles transitions to bulk PdO, which results in a CH4 conversion that
is higher than for the reduced Pd.
To study the inhibiting effect reported in wet feeds, a portable water vapor gener-
ator device was constructed. The design and operational performance is demonstrated
in Paper II. The build-up of hydroxyl species on Pd/Al2O3 model catalysts and its single
catalysts components were monitored in Paper III by connecting the water generator
device to an operando DRIFTS system. No surface-bound species were detected on pure
PdO, which likely results from the low surface area and/or the poor reflectively of the
dark powder. A variety of terminal and bridge-bonded hydroxyls were however distin-
guished on “-Al2O3 and Pd/“-Al2O3. Pd occupying terminal Lewis acid sites on alumina
is proposed to explain the absence of a suppressed terminal band and no evolution of a
perturbed band for the Pd/“-Al2O3 model catalysts calcined at 500, 650 and 800 ¶C. It
29
is further shown that CH4 oxidation provides an additional channel for formation of sur-
face hydroxyls. The magnitude of hydroxyl formation from solely water produced in the
reaction is on the same order as for the experiments using the water generator despite
the much lower water concentration produced in the reaction compared to the amount
of water added from the generator. One may envisage that these hydroxyl species are
formed on preferential sites such as the PdO-Al2O3 boundary or in the close proximity
of the PdO particles. In addition to a rapid initial hydroxylation, in both dry and wet
conditions, a continuous slow build-up is observed during prolonged exposure, which
can be correlated to decreased kinetics.
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